Introduction
The Gulf of St Lawrence (GSL) is a feeding ground for several baleen whale species from the North Atlantic (Kingsley and Reeves, 1998) , providing them with an abundant supply of forage fish, large copepods (Calanus spp.), and krill. Two krill species dominate the macrozooplankton biomass in the GSL: the boreal Thysanoessa raschii and the eurytherm Meganyctiphanes norvegica (Berkes, 1976) . The GSL is under the influence of both Atlantic and Arctic water masses (Koutitonsky and Bugden, 1991; Saucier et al., 2003) , a mix that allows for adults of both species to be found year-round in the Lower St Lawrence Estuary (LSLE) and the northern GSL (Berkes, 1976) . A few regional studies in the LSLE (e.g. Simard et al., 1986b; Simard and Lavoie, 1999) and in the western GSL (Sameoto, 1976) have shown krill aggregations spread along the deep channels carved into the GSL (Figure 1a ). The head of the Laurentian Channel deep inside the LSLE is one such area that hosts the aggregations of T. raschii and M. norvegica (Simard and Lavoie, 1999; Lavoie et al., 2000) . Both observations (Simard et al., 1986b; Mackas et al., 1997; Santora et al., 2012) and theory of zooplankton spatial dynamics (Mackas et al., 1985; Genin, 2004) predict that krill distribution in the GSL should be dependent on topography and the spatio-temporal scales of circulation variability.
Areas of krill aggregation suitable for foraging predators in the western GSL are very dynamic (Sameoto, 1976; Lavoie et al., 2000) and difficult to predict seasonally and interannually. At a regional scale, the spatio-temporal pattern of krill distribution is likely to be an incidental result of the interplay between topography, prevailing currents and krill behaviour (e.g. Sourisseau et al., 2006) . Both T. raschii and M. norvegica perform diel vertical migrations (DVMs) characterized by an ascent of individuals at dusk towards the food-rich surface layer and a downwards migration at dawn into the relative safety of darkness (Berkes, 1976; Simard et al., 1986a; Sourisseau et al., 2008) . The DVM likely expresses a trade-off between food intake and predation risk, both higher in the surface layer (Cohen and Forward, 2009; Kaartvedt, 2010) . This common zooplankton behaviour is probably the most important phenomenon of biophysical interaction in the ocean (Hays, 2003 ), yet our limited understanding of the mechanisms regulating DVMs in krill species hampers the study of the spatio-temporal variability in krill distribution (Murphy et al., 2004; Emsley et al., 2005; Fach and Klinck, 2006; Sourisseau et al., 2006; Cresswell et al., 2007; Lindsey and Batchelder, 2011) .
The Eulerian numerical study of Sourisseau et al. (2006) followed concentrations of krill-like particles presenting different fixed swimming behaviours inside a regional circulation model of the GSL submitted to realistic atmospheric and oceanographic forcing. Their study showed how much horizontal patterns of krill distribution were dependent of the interaction between the krill vertical distribution and the sheared estuarine circulation. Krill residing within the surface layer during their DVM could not form the dense aggregations observed within the upstream LSLE but rather accumulated in the shallow southern GSL, whereas krill residing below the outflowing surface layer could. In the latter numerical experiment, krill concentrations still showed different sensitivities to the vertically sheared circulation in the LSLE-GSL system, with concentrations present within the cold intermediate layer (CIL) experiencing stronger and steadier upstream currents than those in the deep Atlantic waters below. However, this study did not consider spatio-temporal variability in the daytime weighted mean depth (WMD) of krill, nor did it discriminate the behaviour of the dominant species in the GSL.
Interspecific differences between T. raschii and M. norvegica WMD have long been observed in the GSL (Berkes, 1976) . Recently, Plourde et al. (2014) identified in the LSLE-GSL system a significant relationship between both species WMD and surface salinity (Figure 1b) , which controls the diffuse light attenuation through the particulate and dissolved coloured material carried by the freshwater run-off. Both species were observed deeper at higher salinity (i.e. lower diffuse attenuation), reflecting a common light-mediated control of daytime depth. In accordance with previous observations, T. raschii remained constantly higher in the water column during daytime (one-third of the observations within the CIL) than M. norvegica. However, the slopes of the relationships were significantly different between both species, so that the distance between the WMD of both species increased as salinity decreased. We hypothesize that the differences in the specific WMD interacts with the sheared circulation in the GSL (Figure 1c ) to play a role in the upstream transport of krill biomass inside the LSLE. More specifically, we hypothesize that the closer association between T. raschii and the CIL favours its upstream advection compared with M. norvegica.
This paper aims to quantify at the scale of the western GSL the differences in the upstream transport resulting from the interaction between the specific daytime WMD of T. raschii and M. norvegica and the regional circulation. We coupled a regional circulation model of the GSL with two Lagrangian models for which the daytime depth of krill particles followed the specific empirical function with surface salinity from Plourde et al. (this issue) . We characterized patterns of transport at the specific daytime WMD at three sections of interest in the North-West Gulf, as well as the actual fluxes of particles performing a classical DVM between their specific daytime WMD and the subsurface at night.
Material and methods

Circulation model
The ocean currents and salinity fields were obtained from the Nucleus for European Modelling of the Ocean / Océan Parallélisé model three-dimensional hydrodynamic model of the GSL, Scotian Shelf, and Gulf of Maine (Brickman and Drozdowski, 2012) . The modelling system is based on the ocean code OPA version 9.0 (Madec, 2012) . The spatial resolution is 1/128 with 46 z-levels of variable thickness in the vertical, 6 m close to the surface, and increasing with depth. It is a prognostic model, meaning that the temperature and salinity fields are free to evolve with time and are only constrained through open boundary conditions, freshwater run-off, and surface forcing. The tides are included in the model through surface elevation at the open boundaries. Freshwater enters the domain through precipitation and run-off from the 78 main rivers of the Gulf of St. Lawrence / Scotian Shelf / Gulf of Maine system including the St Lawrence River. The freshwater salinity is set to 1.0 PSU, and the freshwater temperature is set to the local ocean value causing no net heat flux due to rivers. Monthly climatologies for temperature and salinity are used to initialize the model. An annual cycle of the barotropic transport is also prescribed at Strait of Belle-Isle in addition to the baroclinic Modelling the influence of daytime distribution on the transport of two sympatric krill species transport calculated from the monthly temperature and salinity fields. The model has internal and external mode splitting and the time-step is 480 s for the internal mode (baroclinic) and 8 s for the external mode (barotropic). A 2005-2011 hindcast with the ocean forced by the 3-hourly the Global Environmental Multiscale model from the Canadian Meteorological Centre atmospheric model output was carried out and used to investigate circulation and transports. The windstress and surface heat fluxes are calculated at every time-step using bulk formulae based on the work of Pond (1981, 1982) . Model validation, circulation patterns, and transports for each season are presented in Galbraith et al. (2012) and Brickman and Drozdowski (2012) .
Lagrangian model
We used daily averaged horizontal components of the currents from the NEMO-OPA regional circulation model to compute krill horizontal advection with a Runge-Kutta method, including a predictorcorrector scheme (Chassé and Miller, 2010) . Daily average currents interpolated linearly in time allowed considering only the impacts of advective processes occurring at a period larger than the semidiurnal and diurnal tidal cycles. The time-step of the Lagrangian model was 30 min because of the DVM behaviour of the particles (see below). No random walk was included on the horizontal motion. We assumed the daily average horizontal eddy diffusivity in the GSL to be similar to the Gulf of Maine, where Xue et al. (2008) demonstrated that diffusion had no major impact on lobster larvae connectivity matrices at a subregional scale. We did not consider vertical advection, owing to the swimming velocities of krill being several orders of magnitude higher than vertical currents.
Diel vertical migration
We defined T. raschii and M. norvegica particles according to their daytime WMD [Z day , Equations (2) and (3)]. Both types of particles behaved similarly for all other aspects considered in this study. We assumed that the local photoperiod modulated krill particles DVM (Tarling, 2003; Sourisseau et al., 2008) . Based on the photoperiod, the proportion of a diel cycle spent close to the surface (WMD ¼ 15 m) should vary from one-third in summer to half in either spring or autumn. Individual particles' vertical positions followed an Ornstein-Uhlenbeck process (Uhlenbeck and Ornstein, 1930) . This stochastic process corresponds to a random walk modified to move back towards a mean value with the attraction increasing with distance from the mean, as can be seen in its exact numerical solution (Gillespie, 1996) :
where m was the mean value to which the process tended to revert, t and d the mean reversion rate and volatility, N(0,1) a normal random variable with mean 0 and variance 1, Dt any time-step. This algorithm allowed for a random normal distribution of the krill particles around their preferred depth, as well as for the daily adjustment required by the DVM behaviour. Here, the mean value m alternated between Z day during daytime and 15 m during night-time, whereas the maximum speed at which particles converged towards their preferred depth (V ≈ 0.03 m s 
Specific daytime WMDs
The WMDs of T. raschii and M. norvegica adult biomass were estimated with acoustic data. Details of their acquisition and posttreatment are given in McQuinn et al. (in press, a) and Plourde et al. (2014) , respectively. Daytime species-specific vertical distributions were determined in spring and summer of 2008 and 2009 in the LSLE and NWG. Conductivity, temperature, depth sampler casts near the acoustic sampling area allowed for the determination of significant relationships between the specific WMD and surface salinity (average from 0 to 10 m). In the case II waters from the LSLE-GSL system, surface salinity is an accurate index of the diffuse attenuation coefficient from non-chlorophyllous matter (Le Fouest et al., 2006 ; r 2 ¼ 0.71), which always contributes more than 60% to the total diffuse attenuation coefficient (Le Fouest et al., 2010) . The specific relationships between observed surface (0-10 m) salinity and WMD are ( Figure 1b ):
A minimum salinity of 23 PSU was specified in the model to prevent spurious estimates of WMD in the upstream-most part of the LSLE, where freshwater run-off can be high in specific times and places. Hence, the minimum WMD was 62 m for T. raschii and 105 m for M. norvegica.
Numerical experiments
The empirical relationships between krill daytime WMD and surface salinity were based on observations limited to spring and summer. Our numerical experiments consequently spanned 1 March to 1 November. Over this period, freshwater run-off is minimum at the end of winter, then increases towards a maximum in summer ( Figure 2 ). On the top of its marked seasonality, the GSL circulation is also characterized by a significant interannual variability (e.g. Saucier et al., 2003) . Hence, we included both 2009 and 2010 in our numerical experiments as these years presented contrasting oceanographic conditions, the most striking being the record-low sea ice presence during winter 2009/2010 compared with the near average 2008/2009 winter. We explored two types of numerical results. First, zonal velocities at the night-time depth (15 m) and at the specific daytime WMD defined by Equations (2) and (3) were extracted. Velocities allowed for a direct comparison between the potential transport of T. raschii and M. norvegica particles located at their specific WMD and for the discrimination between the relative contributions of subsurface night-time and deep daytime advection patterns on the actual transport of particles (e.g. Figure 1c ). Zonal velocities at specific daytime WMD were first extracted at the scale of the whole GSL for illustrative purposes. Subsequent analyses were carried on daytime and night-time transports. "Transport" refers hereafter to the volume of water advected across three sections of interest at specific daytime and night-time depth, respectively, weighted by the seasonal photoperiod. The three sections were Jacques Cartier Strait (JCS), northern Honguedo Strait (HGS), and the northern LSLE mouth off Pointe-des-Monts (PDM; Figure 1a ). Aggregations of krill typically observed the downstream of those three straits must cross these sections to eventually reach the western GSL and LSLE upstream (Sameoto, 1976; Plourde and McQuinn, 2010) .
A comprehensive understanding of the krill transport in the GSL requires considering the integrated effect of daytime and 284 F. Maps et al. night-time currents. Hence, in a final step, we computed the trajectories of krill particles presenting a realistic DVM behaviour. Moreover, owing to the discrete nature of krill aggregations, particles were released in three typical patches (Sameoto, 1976) each located 50 km downstream of one section of interest ( Figure 1a ). Patches were initialized along the 130-m isobath, the average observed daytime WMD (Figure 1b) . A thousand particles per patch were released every 3 d during the whole modelled period, and their trajectories were recorded for 15 d from release. Consistent with regional circulation features in the area, a time window of 15 d allowed the integration of the impacts of a few meso-to regional-scale advective events only, while avoiding the impacts of biological processes that could significantly affect the patch structure for longer time-scales (reproduction or moulting events, mortality, etc.). Modelled trajectories allowed for the characterization of spatio-temporal variability in the upstream transport of krill at a regional scale, as well as the quantification of the differences in T. raschii and M. norvegica particles fluxes that resulted solely from their specific daytime WMD. From hereafter, "flux" will refer to the number of particles that crossed the three sections of interest in the upstream direction within 15 d.
Statistics
We performed two-way ANOVAs on daytime zonal velocities across all three sections to find significant interannual, interspecific, and interaction effects. Daily zonal velocities at specific WMD were grouped at each of the three sections and for each month from March to October.
Results
Specific response to surface salinity variability
Surface salinity showed marked seasonal variability and horizontal gradient mainly forced by the spring freshet from the St Lawrence River, as illustrated by the situation in 2009 (Figure 2) . Surface salinity was on average the highest at the end of winter and the lowest in midsummer (Figure 2a) , and high salinities were observed yearround in the northeast GSL, while the minimum salinity was observed in the LSLE (Figure 2b and c) . These results are in agreement with the monthly climatologies inferred by Petrie et al. (1996) . In response to surface salinity variability, the daytime WMDs of T. raschii and M. norvegica predicted by Equations (2) and (3) were deeper and closer together in the eastern GSL in March (Figure 3a and b) , and shallower and more distant in the LSLE in August (Figure 3c and d) . In general, the daytime WMDs of T. raschii and M. norvegica particles were more distant in regions with lower salinities such as the LSLE and along the Gaspé buoyancy current (Figure 3a and c).
Potential transport across the western Gulf
The general surface circulation in the GSL is cyclonic. Surface circulation is enhanced by buoyancy entrainment in the first 30 m. A vertically sheared estuarine circulation is generated by freshwater run-off and enhanced by the tidal pumping at the head of the Laurentian Channel (e.g. Saucier et al., 2009, their Figure 7 ). The CIL is locally formed during winter and further supplied by cold waters inflowing through the Strait of Belle-Isle (Galbraith, 2006) . Below, the relative isolation of the deep Atlantic layer during most spring and summer before the acceleration of the CIL erosion in autumn, results in a weak upstream residual circulation from Cabot Strait to the head of the deep Channels (Koutitonsky and Bugden, 1991; Saucier et al., 2003) . The vertical shear between the surface, the intermediate, and the deep circulation regimes are particularly relevant within the framework of this study. Daytime currents for T. raschii particles were stronger in March (Figure 4a ) than August (Figure 4b ). However, interspecific differences in zonal daytime currents were stronger in August in the LSLE-NWG area (Figure 4b ), where and when the distance between both species WMD was larger. It appeared from the pattern in advection differences that the upstream advection of T. raschii particles was enhanced in August along the north shore relative to M. norvegica particles.
Specific potential daytime transport of krill particles appeared variable in space and time. Two-way ANOVAs showed that the strongest interannual effects occurred at the PDM section (5 of 8 months), followed by the JCS (4 months) and HGS (3 months) sections (Figure 5a ). The interspecific effect was significant only at PDM from late June to the end of October-the end of simulations (Figure 5b ), whereas no significant interaction between years and species was detected. The absence of interspecific differences in potential daytime transport at JCS results from the bottom of the sill being shallower than the daytime depth predicted by Equations (2) and (3) (Figure 3) .
Lagrangian experiments
At the PDM section in 2009, upstream fluxes of krill particles occurred during three distinct events (Figure 6 ). An weak inverse Modelling the influence of daytime distribution on the transport of two sympatric krill species linear relationship (R 2 ¼ 0.15) between the average time required for the krill particles to reach the section (Figure 6a ) and the number of particles that crossed the section (Figure 6b ) revealed the regional dynamics of the circulation near the PDM section. Interspecific differences were the largest in June-July, with lower transit times (Figure 6a ) and higher upstream fluxes for T. raschii than M. norvegica particles (Figure 6b ). This pattern corresponded to the significant interspecific differences in potential daytime transport detected by the two-way ANOVA. However, based on daytime transport alone (Figure 6c ), one would expect upstream fluxes of T. raschii but not M. norvegica from August to September. The discrepancies between the potential transport at daytime WMD and the particle flux resulted from the influence of night-time transport (Figure 6c ). Periods without upstream particle fluxes corresponded consistently to periods of a strong night-time downstream transport at the surface. On the other hand, during the simulated period, the strongest upstream flux events occurred when both daytime and night-time transport flowed upstream together.
In 2010, the same processes operated at PDM and the broad seasonal patterns were similar than in 2009. Upstream krill particle flux was organized in discrete events that were stronger in summer, with slightly lower transit time (Figure 7a ) and high fluxes of T. raschii particles (Figure 7b ). In 2010, as in 2009, potential daytime transport across PDM was stronger and mainly upstream from March to the end of July, but became weaker and more often downstream thereafter (Figure 7c) . Meanwhile, the night-time transport seemed to oppose daytime's, except for July when both coincided and generated the highest upstream flux of particles of the simulated period (Figure 7b ). At shorter time-scales, however, there were differences between the 2009 and 2010 flux and transport patterns. Upstream flux events were weaker during spring 2010 than 2009, while more of them occurred throughout summer and autumn 2010 (Figure 7b) , apparently driven by the night-time transport ( Figure 7c ).
Interspecific differences in upstream fluxes of particles were low at the HGS and JCS sections, as expected from the two-way ANOVAs on the potential daytime transport. Distinct seasonal patterns in circulation and krill particles flux appeared at both sections. The upstream flux of krill particles across HGS was limited to spring and autumn of 2009 ( Figure 8b ) and 2010 (not shown), during periods of upstream daytime and night-time transports (Figure 8c ). During summer of both years, the circulation regime across HGS was essentially downstream and prevented the upstream advection of krill particles. On the contrary, the (Figure 9a ) and a significant increase in both daytime and nighttime transports across JCS during June (Figure 9c) . However, the potential transport across JCS was upstream during most of the simulated period, and this suggested that during late winter and spring, mesoscale circulation processes prevented the patches to reach the JCS section a few tens of kilometres upstream.
Discussion
Daytime vertical distribution and associated transport
Our numerical results support the hypothesis that interspecific differences in daytime WMD favour the transport of T. raschii inside the LSLE. We showed that differences in specific daytime depth had significant consequences on the krill transport within the GSL, varying strongly depending on the region and season. An average surface salinity lower by two PSU at PDM relative to Modelling the influence of daytime distribution on the transport of two sympatric krill species HGS induced a doubling of the average daytime distance between T. raschii and M. norvegica (Table 1) . This greater distance between the two species at PDM corresponded to a strong increase in the average transport at the daytime WMD of T. raschii and in the cumulated upstream flux of T. raschii particles, compared with M. norvegica (Table 1) . Indeed, the greater the WMD difference between each species, the greater the potential for transport differences. But the striking daytime transport difference at PDM relative to HGS (Table 1) is also explained by a vertical shear (the rate of velocity change with depth) on average 15 times greater at the LSLE mouth than across HGS (not shown). The synergy between the estuarine residual circulation and the migration behaviour of both krill species was illustrated during most Table 1 . The average surface salinity at PDM and HGS sections in 2009 and 2010, with corresponding differences in the predicted average WMD between T. raschii and M. norvegica, the average simulated daytime transport at specific WMD, and the cumulated upstream particle flux across both sections (Figure 6c ). However, these opposite specific daytime transport patterns did not translate into significantly different upstream fluxes of particles, owing to the downstream subsurface night-time currents. The vertical shear was mostly negative, meaning that current velocity decreased with depth or even reversed (e.g. Figure 1c ). In our results, the modelled night-time transport was on average almost three times stronger than the daytime transport at PDM.
Night-time vertical distribution and associated transport
The impact of night-time transport resulted in a two to five times lower interspecific difference in particle fluxes (16 -17%) compared to the difference in daytime transport (33-102%) ( Table 1) . As a result, at both PDM and HGS, upstream fluxes were almost limited to periods of favourable night-time transport. Upstream fluxes were the strongest when upstream daytime and night-time transports coincided in the same direction, but nighttime transport could often counteract daytime transport, especially at PDM. Our numerical results for migrating T. raschii and M. norvegica particles showed night-time transport as a key process for upstream fluxes to occur in the western GSL during the productive season. Daytime transport appeared as a modulator. Hence, the modest interspecific difference in the simulated upstream flux of krill particles within the western GSL (17% at most at PDM, Table 1 ) may in part result from our fixed nighttime distribution and DVM timing. Krill seem generally to be located within the first 50 m of the water column at night (Kaartvedt, 2010 and references therein) . Meganyctiphanes norvegica and T. raschii from the LSLE were concentrated within the first 20 m at night during a 3-day experiment in September 2003 (Sourisseau et al., 2008) , coinciding with the phytoplankton distribution. It is likely that krill would target layers of high phyto-and zooplankton concentrations (Lass et al., 2001; Kaartvedt et al., 2002) . In the absence of more detailed observations, our subsurface approximation for night-time WMD of krill particles (15 m) seems sensible. Clearly, ascending and descending migrations of M. norvegica, T. Raschii, and other species are generally synchronized with sunset and sunrise (Tarling, 2003; Sourisseau et al., 2008; Cohen and Forward, 2009 ) with some variability, and sometimes with a lag. Hence, the time spent by krill at its night-time WMD is well approximated by the seasonal photoperiod, as assumed in our model.
Variability in the DVM pattern and potential effects on transport
However, sporadic alterations to the general DVM pattern have been observed in various environments and in different krill species. The life cycle (moulting, spawning) influences the proportion of the population performing DVM, the sex of individual krill influence night-time WMD, and the feeding behaviour and condition of the individuals (midnight-sinking) modify the amount of time spent by individuals at the night-time WMD (Kaartvedt, 2010 , and references therein). Our results showed that short-lived alterations of night-time behaviour of M. norvegica and T. raschii could have a disproportionate impact if they resonate with transport events. An interspecific difference corresponding to a scenario of T. raschii being present within the surface layer and M. norvegica below the pycnocline at night (e.g. Bergström and Strömberg, 1997) would have important consequences, especially in the LSLE where the vertical shear is the strongest. For example, in July, when both daytime and night-time transports are mostly upstream, a 10-m difference between the night-time WMDs of M. norvegica and T. raschii could either double the interspecific difference in the upstream particle flux if T. raschii is above M. norvegica or cancel it in the opposite situation, given the vertical shear magnitude in the surface layer. Future research efforts may provide an empirical relationship between night-time WMD and a few forcing variables in the GSL, similar to the relationship of Plourde et al. (this issue) between daytime WMD and surface salinity. Comparing M. norvegica to T. raschii, we may expect a looser coupling with phytoplankton concentration owing to omnivory in M. norvegica (Berkes, 1976; Kaartvedt et al., 2002) , a higher sensitivity to salinities ,24 PSU (Forward and Fyhn, 1983) frequent in the LSLE's surface layer, and a stronger negative phototaxis owing to its higher sensitivity to light (Myslinski et al., 2005) . However, as our current results showed, the quantitative impact of different specific night-time WMDs on M. norvegica and T. raschii transports remains difficult to anticipate.
Regional patterns and seasonality
The information provided by our results is not readily accessible by in situ exploration. The regional patterns and seasonality in transport, the relative contributions of subsurface and deep transport, and the resulting dynamics of the krill particle flux already discussed could only be revealed through numerical modelling. During the productive part of the year (May to September; Plourde et al., 2011) , the upstream advection of krill particles from the eastern to the western GSL occurred only along its north shore. HGS appeared to form a barrier to upstream advection from April to September in both 2009 and 2010. Moreover, a circulation regime shift appeared in June of both years at JCS and the mouth of the LSLE (Figure 10) . Lavoie et al. (in preparation) hypothesized that this regional regime shift was driven by changes in atmospheric forcing occurring at the scale of the GSL. In our simulations, events of upstream advection across both sections were stronger and more frequent in summer and autumn than Figure 10 . Schematic of (a) the downstream and (b) the upstream krill transport modes. Black, T. raschii; white, M. norvegica.
Modelling the influence of daytime distribution on the transport of two sympatric krill species during late winter and spring ( Supplementary material). After June, krill particles were supplied steadily to the NWG across JCS. Once there, those krill particles continued to follow the general cyclonic circulation along the north shore. Particles could eventually enter the LSLE but only according to sporadic events of upstream advection, essentially controlled by surface currents. Their alternate fate was to be entrained in the southern Gaspé current and either to be recirculated into the NWG gyre or to be flushed southeast through HGS (Figure 10 ). Over the simulated periods, particles whose daytime WMD followed the empirical relationship with surface salinity observed for T. raschii were 17% more likely to end up inside the LSLE than their M. norvegica counterparts.
Interannual variability
The comprehensive picture provided by our results must be confronted with observations. If advective processes were to dominate the distribution patterns of M. norvegica and T. raschii, the observed specific abundance variability could be interpreted as a response to the transport variability. Two datasets available to study the interspecific and interannual variability of krill in the GSL are a series of seven acoustic surveys conducted in 2009 in the NWG and LSLE (McQuinn et al., in press, b) and the average krill egg abundance observed for 20 years inside the LSLE (Plourde et al., 2011) . According to the former set of observations, T. raschii was on average three times more abundant as M. norvegica. Assuming that the abundance of krill eggs (identified to species) reflects the abundance of krill adults (Plourde et al., 2011) , M. norvegica and T. raschii were twice as abundant in 2009 than 2010. According to our simulations, the cumulated upstream flux of krill particles across PDM was 39% higher in 2009 than in 2010, whereas the interspecific difference was 17% at most. Hence, our results agree qualitatively with the observed krill biomass variability, while underestimating its amplitude.
Part of the discrepancy between the modelled and observed variability in krill abundance within the LSLE may result from the assumed night-time distribution as discussed above, but also from the absence of winter processes in our simulations. Obviously, krill advection does not stop in winter, but observations are scarce. Sea ice can considerably alter the light penetration profile, which could alter not only the WMD but the DVM behaviour itself. Hence, we decided not to extrapolate our specific daytime WMD relationship obtained during the productive season to winter, as it is likely that different forcing operates on specific vertical distributions during both periods. The omnivorous M. norvegica is known to seasonally target the dormant Calanus finmarchicus deep-dwelling stock during daytime (Kaartvedt et al., 2002) , a behaviour that could contribute to interspecific differences in advection during winter. Another consequence of winter processes is the preconditioning of the NWG before the general circulation shift occurring in June-July. Based on the advective regime shown at HGS (Figure 8c ) and JCS (Figure 9c ), we can expect krill from the eastern GSL to enter the NWG during autumn and winter. Particles could then be entrained in the NWG gyre and potentially generate considerable variation in the initial stock available for upstream advection into the LSLE the following summer. For example, Sourisseau et al. (2006) simulated in the GSL three consecutive years of the advection of krill concentrations following simplistic DVM behaviours. For their deep-dwelling scenario, i.e. no DVM (constant vertical distribution between 130 and 140 m), they found a 2-fold difference in krill abundance inside the LSLE at the end of 1998 and 1999. However, with a modified DVM behaviour (night-time ≥ 6 h), krill was not transported from the NWG into the LSLE in their model.
Conclusion
Our results help to explain the regional patterns in T. raschii and M. norvegica transports and to untangle the relative contributions of subsurface and deep transport to the spatio-temporal variability in krill distribution. Our results showed a regional regime shift in July that favours a subsequent upstream transport along the North Shore of the GSL during summer and autumn. During this period, the upstream transport of particles was steady across JCS, more sporadic across the Estuary mouth and limited across HGS. The night-time surface transport played an important role at the latter two sections. Our results also suggest that even if simulations agree qualitatively with observations, the observed magnitude of the interannual and interspecific variability in abundance is unlikely to be caused solely by the advective processes operating on the adults during the productive season. Simple yet important enhancements for the numerical study of biophysical interactions affecting krill distribution in the GSL would be to (i) implement a mechanistic description of night-time and winter behaviours and (ii) validate model predictions with seasonal observations of the adult segment of the population. Numerical modelling could then be used with confidence to assess the relative contribution of physical and biological/demographic processes in the transport of M. norvegica or T. raschii throughout the GSL.
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